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M. Erhardt, C. Stussi-Garaud, H. Guilley, K. E. Richards, G. Jonard, and S. Bouzoubaa1
Institut de Biologie Mole´culaire des Plantes, CNRS, et de l’Universite´ Louis Pasteur, 12 rue du Ge´ne´ral Zimmer, 67084 Strasbourg Cedex, France
Received July 6, 1999; returned to author for revision August 26, 1999; accepted September 8, 1999
The subcellular localization of the first triple gene block protein (TGBp1) of peanut clump pecluvirus (PCV) was studied by
subcellular fractionation and immunogold cytochemistry using TGBp1-specific antibodies raised against a fusion protein
expressed in and purified from bacteria. In the inoculated and apical leaves of virus-infected Nicotiana benthamiana, TGBp1
localized to the cell wall and P30 fractions. Electron microscopy of immunogold-decorated ultrathin sections of the infected
leaf tissue revealed TGBp1-specific labeling of the plasmodesmata joining mesophyll cells. In longitudinal sections of the
plasmodesmata, the TGBp1-specific labeling was most commonly associated with the plasmodesmal collar region. In
transgenic N. benthamiana, which constitutively expressed TGBp1, no TGBp1-specific immunogold labeling of plasmodes-
mata was observed, but plasmodesmata were gold decorated when the transgenic plants were infected with a TGBp1-
defective PCV mutant, indicating that factors induced by the virus infection target and/or anchor the transgene TGBp1 to the
plasmodesmata. © 1999 Academic Press
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mINTRODUCTION
The spread of a plant virus infection from an infected
o a neighboring noninfected cell (cell-to-cell movement)
enerally requires the participation of a viral movement
rotein (MP; see Ghoshroy et al., 1997, and Ding, 1998,
or recent reviews). For some viruses, such as cowpea
osaic virus (CPMV), the virion is the mobile entity, and
ts movement involves the transit of viral particles
hrough cell wall-spanning tubules composed at least in
art of MP (Kasteel et al., 1996). For other viruses, local-
zed movement does not require viral coat protein and is
onsequently independent of virion formation. Instead,
he mobile entity for these viruses is thought to be an MP
iral–RNA complex that can move through MP-modified
lasmodesmata. The best-studied example of the latter
ype of MP is P30 of tobacco mosaic virus (TMV; Deom et
l., 1987; Meshi et al., 1987). P30 has multiple functions,
ncluding the ability to bind to and “streamline” the viral
NA (Citovsky et al., 1990, 1992) and to augment the
lasmodesmal size exclusion limit (SEL), presumably to
acilitate transit of the MP viral–RNA complex (Wolf et al.,
989).
Potexviridae, Carlaviridae, Hordeiviridae (Morozov et
l., 1989; Koonin and Dolja, 1993), and a number of
od-shaped, fungus-transmitted viruses (Gilmer et al.,
992; Herzog et al., 1994; Scott et al., 1994; Koenig et al.,
996, 1998) have not one but three MPs, which are
1 To whom reprint requests should be addressed. Fax: (33) 388-61-
n4-42. E-mail: salah.bouzoubaa@ibmp-ulp.u-strasbg.fr.
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220ncoded by three overlapping genes known as the triple
ene block (TGB; Fig. 1). The first TGB protein (TGBp1)
ontains RNA helicase consensus sequence motifs (Gor-
alenya and Koonin, 1989) and displays in vitro nucleic
cid-binding activity (Rouleau et al., 1994; Kalinina et al.,
996; Bleykasten et al., 1996; Lough et al., 1998). The
econd TGB protein (TGBp2) has two potentially mem-
rane-spanning hydrophobic domains flanking a highly
onserved sequence motif of unknown significance. The
hird protein, TGBp3, is more variable in sequence but is
lways rather hydrophobic (Morozov et al., 1989; Koonin
nd Dolja, 1993).
Two classes of TGB are now recognized (Solovyev et
l., 1996). Class 1 TGBs are found in the aforementioned
ungus-transmitted viruses and hordeiviruses. In these
iruses, TGBp1 ranges from 42 to 63 kDa, reflecting the
resence of a 20- to 40-kDa “leader” polypeptide up-
tream of the C-terminal-proximal helicase domain,
hereas TGBp3 is 14–22 kDa. In the potexviruses and
arlaviruses (class 2 TGBs), TGBp1 is smaller (;25 kDa)
ecause it lacks the N-terminal extension characteristic
f the class 1 members; the TGBp3s (6–8 kDa) are also
ignificantly shorter than their class 1 counterparts.
GBp2 is about the same size in both classes (13–15
Da).
The two classes of TGB may differ significantly in their
ode of action. Thus viral coat protein is required for
ell-to-cell movement of the potexviruses (Forster et al.,
992; Baulcombe et al., 1995) [No information is available
oncerning the requirement of coat protein for carlavirus
ovement]. Virus-like particles (VLPs), which are recog-ized by virion-specific antibodies, can be detected in
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221SUBCELLULAR LOCALIZATION OF PCV TGBp1he plasmodesmata of plants infected with potato virus X
PVX; Santa Cruz et al., 1998), suggesting that the virion
ather than free or MP-complexed viral RNA is the pri-
ary vehicle for intercellular transport. For representa-
ive viruses with class 1 TGBs (Gilmer et al., 1992; Herzog
t al., 1998; Petty and Jackson, 1990), on the other hand,
oat protein is dispensable for intercellular transport,
ndicating that the RNA of these viruses can traffic
hrough plasmodesmata, presumably as an RNA–MP
omplex.
Here we used subcellular fractionation techniques
nd immune electron microscopy to localize the class 1
GBp1 of the fungus-transmitted rod-shaped pecluvirus
eanut clump virus (PCV) in virus-infected Nicotiana
enthamiana and in transgenic N. benthamiana express-
ng the PCV TGBp1. Our findings indicate that during PCV
nfection of both nontransgenic and transgenic plants,
ut not in noninfected TGBp1-transgenic plants, TGBp1
s targeted to the plasmodesmata, most frequently to the
icinity of the plasmodesmal collar.
RESULTS
reparation of a polyclonal antiserum specific for
CV TGBp1
To produce antibodies against the 51-kDa PCV TGBp1
rotein (Fig. 1), a chimeric protein consisting of a portion
f the bacteriophage lambda CI protein (Niesbach-Klo¨s-
en et al., 1990) fused to the complete PCV TGBp1
rotein (plus a C-terminal His6 tag) was overexpressed in
scherichia coli from the plasmid pEA305CI-TGBp1-His6.
t 3 h after expression-induction, an abundant protein of
he size predicted for CI-TGBp1-His6 (72 kDa) was de-
ected in the pellet after low-speed centrifugation of the
acterial subcellular extract (data not shown). Little of
he protein was present in the supernatant fraction.
hereafter, for large-scale production of the 72-kDa spe-
ies, the pellet proteins were solubilized by treatment
ith 0.1% SDS and separated by SDS–PAGE. The 72-kDa
rotein was then electroeluted from the gel and used to
mmunize a rabbit.
FIG. 1. Genetic map of PCV RNA 2. ORFs are symbolized by rectan-
les, and noncoding regions by lines. The cistrons encoding the viral
P, P39, and the TGB proteins, P51 (TGBp1), P14 (TGBp2), and P17
TGBp3), are identified. The position of the deletion in the TGBp1 cistron
f the mutant RNA2D51 is indicated.Preliminary experiments revealed that the resulting wntiserum immunodetected TGBp1 in extracts of PCV-
nfected N. benthamiana leaves but that the antiserum
lso cross-reacted with several host proteins (data not
hown). Accordingly, the antiserum was further purified
y affinity chromatography to TGBp1-His6 which had
een coupled to Sephacryl beads. The resulting purified
ntibodies were then tested for their capacity to specif-
cally detect TGBp1 from PCV-infected N. benthamiana
rotein extracts by Western blotting. As a size marker,
35S-methionine-labeled TGBp1 obtained through in vitro
ranslation of a TGB1 transcript in a wheat germ extract
as loaded into a parallel lane of the same gel (Fig. 2,
ane 1). A band of the expected size (51 kDa) was present
n the protein sample from the virus-infected leaves (Fig.
, lane 3) and absent from a sample from mock-inocu-
ated leaves (Fig. 2, lane 2). No significant cross-reaction
ith host proteins was visible on the blot. The immuno-
abeled band in the virus-infected tissue disappeared if
he antibodies were cross-adsorbed with excess purified
GBp1-His6 before their use for immunodetection (Fig. 2,
anes 4 and 5), providing additional evidence that the
ntibodies specficially recognize TGBp1.
ime course of appearance of TGBp1 and CP in PCV-
nfected N. benthamiana leaves
Two young leaves of 6-week-old N. benthamiana were
ither mock-inoculated or inoculated with PCV RNAs. At
ifferent times postinoculation (p.i.), inoculated leaves
nd small apical leaves were harvested, and total pro-
eins were extracted. After SDS–PAGE and electrotrans-
er to nylon membranes, the upper portion of the blot was
reated with the purified TGBp1-specific antibodies, and
FIG. 2. Detection of PCV TGBp1 in protein extracts of virus-infected
. benthamiana leaves by Western blotting. Total protein correspond-
ng to 10 mg of leaf tissue was subjected to SDS–PAGE in a 12.5%
olyacrylamide gel, followed by electrotransfer to nitrocellulose and
mmunodetection by ECL using purified anti-TGBp1 antibodies. Lanes 2
nd 4 were loaded with protein from a healthy plant, and lanes 3 and
were loaded with protein from a virus-infected plant. Lanes 2 and 3
ere immunoprobed with the anti-TGBp1 antibodies, and lanes 4 and
were immunoprobed with the same antibodies that had first been
ross-adsorbed with purified TGBp1-His6. The
35S-methionine-labeled
rotein produced by in vitro translation of a transcript containing the
GBp1 cistron was loaded into lane 1 of the same gel to provide an
lectrophoretic mobility marker. The mobility of standard molecular
eight marker proteins is indicated to the right.
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222 ERHARDT ET AL.he lower portion was treated with an antiserum (Herzog
t al., 1998) specific for the 23-kDa PCV coat protein (CP).
GBp1 appeared 3 days p.i. in the inoculated leaves and
ad disappeared by 10 days p.i. (Fig. 3A). The CP ap-
eared by 4 days p.i. in the inoculated leaves and re-
ained abundant throughout the experiment (Fig. 3A).
In samples taken from the apical leaves, both TGBp1
nd the CP were observed by 5 days p.i., and both
roteins were detected for the remainder of the experi-
ent (Fig. 3B). It should be noted, however, that synthe-
is of TGBp1 in apical leaves that emerge in the course
f the experiment and then become infected could com-
ensate for the disappearance of TGBp1 from apical
issue infected at earlier times. Thus we cannot exclude
he possiblity that TGBp1 is expressed transiently in the
pical as well as in the inoculated leaves.
ubcellular fractionation experiments
The subcellular localization of TGBp1 was investigated
n PCV-inoculated leaves at different times p.i. and in
pical leaves at 8 days p.i. Tissue extracts were sub-
ected to fractionation as described (Niesbach-Klo¨sgen
t al., 1990) except that the S30 fraction was submitted to
n additional ultracentrifugation step at 100,000 g for 3 h
o produce P100 and S100 fractions. The different frac-
ions should consist mainly of nuclei, chloroplasts and
tarch granules (P1), rough endoplasmic reticulum, Golgi
odies, peroxisomes, chloroplast debris and mitochon-
ria (P30), polysomes and large proteinaceous com-
lexes (P100), soluble proteins and the cytosol (S100),
nd cell wall and associated proteins (CW). Samples of
ach subcellular fraction corresponding to the same
mount of fresh tissue were subjected to SDS–PAGE,
nd after electrotransfer, immunoblots were probed for
GBp1 and CP as before.
Viral CP was observed in all the subcellular fractions
rom both the inoculated and the apical leaves but was
articularly abundant in P30, P100, and S100 (Fig. 4). The
leotropic behavior of the CP during subcellular fraction-
tion presumably reflects the fact that it can exist in
ifferent polymeric forms, ranging from subunits, which
FIG. 3. Time course of appearance of PCV TGBp1 and the viral CP
t 1–13 days p.i. (lanes 1–13). The upper part of each Western blot wa
as immunoprobed with antibodies specific for the viral CP. Protein eould be expected to appear in S100, to small oligomers ain P100), all the way up to virions, which could appear in
ny of the other fractions, particularly if the particles tend
o form higher aggregates and/or to stick to organelles or
embranes.
TGBp1, on the other hand, was detected exclusively in
he CW fraction of the apical leaves (sampled at 8 days
.i.) and was limited to the P30 and CW fractions of the
noculated leaves (Fig. 4). In the inoculated leaves, it
ppeared in CW starting at 5 days p.i. and in P30 at 7
ays p.i. (Fig. 4). Newly synthesized TGBp1 should be at
east transiently associated with the rough endoplasmic
eticulum in the P30 fraction, but our failure to detect it
here at early times p.i. suggests that most of it rapidly
oves to the CW fraction. The significance of the TGBp1
hat appears in P30 7–8 days p.i. is not known. Possibly,
he rate of trafficking of TGBp1 from the endoplasmic
eticulum to the CW diminishes at later times, and the
ewly synthesized TGBp1 can then accumulate in P30.
n situ immunolocalization of TGBp1 by electron
icroscopy
Intracellular sites of accumulation of TGBp1 were
ore precisely localized on ultrathin sections prepared
rom inoculated (3 days p.i.) and apical (8 days p.i.) leaf
issue of PCV-infected N. benthamiana. The sections
ere probed with the purified anti-TGBp1 antibodies and
hen with goat anti-rabbit IgG secondary antibodies cou-
led to 25-nm colloidal gold beads. After ultrathin sec-
ioning, the tissue was inspected at low magnification,
nd 5-mm2 fields centered on a cell wall separating two
esophyll cells were selected at random for observation
t higher magnification. The number of gold beads or
lusters of several beads associated with different sub-
ellular structures in each of 32 such fields was noted.
The distribution of the beads/bead clusters on the
urface of the sections incubated with the TGBp1-anti-
odies was not random (Table 1); instead, there was a
trong preferential association of the beads/bead clus-
ers with the cell wall. Two types of CW labeling were
bserved: (i) gold beads/clusters on or in close proximity
o plasmodesmata, and (ii) labeling of the cell wall or the
ulated (A) and apical systemically infected (B) N. benthamiana leaves
noprobed with the purified anti-TGBp1 antibodies, and the lower part
from healthy leaves were loaded into the first lane to the left.in inoc
s immupposed plasma membrane in regions where no plas-
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223SUBCELLULAR LOCALIZATION OF PCV TGBp1odesmata were visible. Thus in the fields from the
noculated leaves, of a total of 83 beads/bead clusters
numerated, 17 were associated with the cell wall/
lasma membrane and 14 additional beads/bead clus-
ers were associated with plasmodesmata (Table 1),
ven though the areas occupied by these latter struc-
ures represented only 7% and less than 0.1% of the total
urface examined, respectively. In particular, it is note-
orthy that of the 61 plasmodesmata observed in the
FIG. 4. Immunodetection of PCV TGBp1 (left) and viral CP (right) in
eaves of N. benthamiana. Samples from the inoculated leaves were co
he apical leaves (right lane) was collected at 8 days p.i. A protein samp
o the material extracted from 10 mg of fresh tissue. The portion of th
ntibodies, and the portion on the right was immunoprobed with the an
tructures: P1, nuclei, chloroplasts, and starch granules; P30, rough
itochondria; P100, polysomes and large proteinaceous structures; S10
ther details are as given in the legend to Fig. 3.
T
TGBp1-Specific Immunogold Labeling of Different Sub
PCV-inoculated
leaves
PCV-infe
lea
mmunoreagents included
Anti-TGBp1 1 1
Cross-adsorbed anti-TGBp1 1
Secondary antibody 1 1 1 1
otal number of gold beads and
bead clusters associated
with different structures
Cell wall and plasma membrane 17 121 3 30
VOC componentsb 52 403 16 34
Plasmodesmata 17 0 1 12
lasmodesmata observed
(labeled/total)
14/61 0/59 1/56 10/66 0
a Apical leaves from N. benthamiana line 6 expressing the PCV TGB
b The VOC components are defined as the vacuole, various organelles (mitourvey, 14 (23%) were immunogold decorated (Table 1),
enerally with one bead/bead cluster per plasmodesma.
he remainder of the beads/bead clusters were distrib-
ted in an apparently random fashion over the other
ajor subcellular components: the vacuole, organelles
nuclei, chloroplasts, Golgi bodies, and mitochondria),
nd the cytoplasm. For brevity, we group together this
atter set of components and refer to them as the “VOC
omponents.”
t subcellular fractions of inoculated and apical systemically infected
on successive days from 1 to 8 days p.i. (lanes 1–8). The sample from
a healthy leaf was loaded into the left lane. Each sample corresponds
tern blots shown on the left was immunoprobed with the anti-TGBp1
tibodies. The subcellular fractions should be enriched in the following
asmic reticulum, Golgi bodies, peroxisomes, chloroplast debris, and
le proteins and the cytosol; and CW, cell wall and associated proteins.
r Structures of PCV-Infected N. benthamiana Leaves
ical Healthy apical
leaves
Healthy transgenic
leavesa
PCV-infected
transgenic leavesa
1 1 1
1 1 1
1 1 1 1 1 1 1 1 1 1
8 14 49 4 27 57 8 12 14 8
18 47 297 26 231 412 20 109 230 94
0 0 0 0 0 0 0 9 0 0
0/56 0/56 0/69 0/65 0/47 0/54 0/47 7/84 0/66 0/74
e examined.differen
llected
le from
e Wes
ti-CP an
endopl
0, solubABLE 1
cellula
cted ap
ves
1
1
36
154
0
/52
p1 wer
chondria, nucleus, chloroplasts, and Golgi bodies) and the cytoplasm.
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225SUBCELLULAR LOCALIZATION OF PCV TGBp1A similar situation prevailed for the tissue taken from
he PCV-infected apical leaves. The density of immuno-
old labeling was highest for the cell wall/plasma mem-
rane and the plasmodesmata, with beads/bead clusters
ssociated with 10 of the 66 plasmodesmata observed
Table 1). Representative images of gold-decorated plas-
odesmata observed in the inoculated and apical
eaves are shown in Figs. 5B and 5C, respectively. In the
reat majority of the images in which the gold-decorated
lasmodesmata were observed in longitudinal section,
he gold bead/bead cluster did not lie over the central
ortion of the plasmodesma where it spanned the cell
all but was apposed to the exterior of the plasmo-
esmal structure (i.e., in proximity to the collar) (Figs. 5B
nd 5C).
VLPs were visible in most of the sections from the
nfected apical leaves (not shown) but were not observed
n the samples from the virus-inoculated leaves, consis-
ent with other evidence indicating that virion formation
n the inoculated leaves of PCV-infected N. benthamiana
s inefficient (Herzog et al., 1998). No significant immu-
ogold labeling of the VLPs in the apical tissue by the
GBp1-specific antibodies was observed.
FIG. 5
FIG. 5. Typical images of colloidal gold-labeled plasmodesmata obse
panel C) of PCV-infected N. benthamiana and in apical leaves (panel
n which the TGBp1 gene on RNA 2 had been disabled by deletion (mu
oninfected transgenic N. benthamiana line 6 (panel D) did not displayhe left in panel A corresponds to 200 nm.In ultrathin sections of apical leaves from healthy N.
enthamiana, beads/bead clusters were present on the
ell wall/plasma membrane and on the VOC compo-
ents, but none of the 56 plasmodesmata observed
ere decorated (Table 1; see Fig. 5A for representative
mages). As additional specificity controls, ultrathin sec-
ions from infected leaves were also treated with primary
ntibody that had been preadsorbed with purified
GBp1-His6 (followed by treatment of the sections with
olloidal gold-labeled secondary antibody) or with gold-
abeled secondary antibody alone. In both cases, the
requency of gold labeling of the plasmodesmata was
ow: 1 decorated plasmodesmata of 56 observed for
reatment with the secondary antibody alone, and 0
ecorated plasmodesmata of 59 observed when pre-
dsorbed primary antibody was used (Table 1).
The other subcellular structures were still gold labeled
fter these treatments (Table 1). Indeed, the amount of
old label associated with both the VOC components
nd the cell wall/plasma membrane was generally
igher when the primary antiserum-TGBp1-His6 mixture
as used compared with that observed with the non-
ross-adsorbed primary antiserum (Table 1). We suggest
inued
ultrathin sections from inoculated leaves (panel B) and apical leaves
Bp1-expressing transgenic N. benthamiana line 6 infected with PCV
A 2D51). Plasmodesmata in healthy N. benthamiana (panel A) and in
al gold labeling. All images are at the same magnification. The bar torved in
E) of TG
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226 ERHARDT ET AL.hat the primary antibody-TGBp1-His6 complex is inher-
ntly stickier than the primary antibody alone. Taken
ogether, the aforesaid specificity controls argue strongly
hat the observed immunogold labeling of the plasmo-
esmata is infection specific and reflects the presence of
GBp1 there but that some if not all of the beads/bead
lusters associated with the cell wall/plasma membrane
nd the VOC components are background labeling.
hese observations do not, of course, rule out the pos-
iblity that some of the immunolabel associated with the
foresaid structures in virus-infected plants may be
GBp1 specific.
CV TGBp1 expressed from a transgene is localized
o the plasmodesmata by PCV infection
We previously described transgenic N. benthamiana
ine 6, which contains a PCV TGB1 transgene under
ranscriptional control of the 35S promoter (Erhardt et al.,
999). Plants of these lines constitutively express readily
etectable levels of TGBp1, which can trans-complement
ovement of a TGBp1-defective PCV mutant in whole
lant infections (Erhardt et al., 1999). Immunogold label-
ng experiments were carried out on apical leaves of
ither (i) noninfected N. benthamiana line 6 or (ii) line 6
lants 8 days after inoculation with in vitro transcripts of
ild-type PCV RNA 1 and RNA 2D51, a PCV RNA 2 mutant
arrying a 239-nucleotide deletion in the TGB1 gene (Fig.
). In the ultrathin sections from the noninfected plant,
old beads/bead clusters were found in association with
he VOC components and cell wall/plasma membrane,
ut none of the 47 plasmodesmata observed were
old decorated (Table 1; see Fig. 5D for representative
mages). In samples from the transgenic plant inoculated
ith PCV RNA 1 and RNA 2D51 transcripts, gold labeling
as present on the VOC components and the cell wall/
lasma membrane, but gold beads/bead clusters were
lso observed in association with 7 of 84 plasmodes-
ata visualized in the survey (Table 1; see Fig. 5E for
epresentative images). Specificity controls such as
hose described above indicate that the gold labeling of
he plasmodesmata in the transcript-infected transgenic
lant is TGBp1 specific but that at least a fraction of the
abel associated with the VOC components and the cell
all/plasma membrane (Table 1) is background.
DISCUSSION
The subcellular localization of a viral protein can yield
mportant clues concerning its function. Such data must
e interpreted with caution, however, because the loca-
ions where a protein is abundant in a cell at any one
ime do not necessarily correspond to the sites where it
s biologically active. Earlier localization experiments
ith the TGBp1s of different viruses produced diverse
esults. Thus subcellular fractionation experiments as-
igned different potexvirus TGBp1s to various subcellu- lar fractions (Davies et al., 1993; Rouleau et al., 1994;
hang et al., 1997; Kalinina et al., 1998). Immunogold
lectron microscopy investigations, however, provide
onvincing evidence that the protein is in fact predomi-
antly present in inclusion bodies in the cytoplasm (Da-
ies et al., 1993; Rouleau et al., 1994) or in both the
ytoplasm and nucleus (Chang et al., 1997). In particular,
here is no evidence from the latter experiments that the
otexvirus TGBp1 is targeted in any abundance to the
lasmodesmata during infection.
Less information is available for viruses with group 1
GBs. Here we show that the PCV TGBp1 is located in
he CW and P30 subcellular fractions. Similar studies
ith barley stripe mosaic virus detected TGBp1 in all
ubcellular compartments but most abundantly in the
ell wall and cytoplasmic fractions (Donald et al., 1993).
GBp1 of beet necrotic yellow vein virus (BNYVV) was
ssociated with the P30 fraction (Niesbach-Klo¨sgen et
l., 1990), although in more recent experiments, we de-
ected the BNYVV TGBp1 in the CW fraction as well (M.E.,
npublished observations).
Our immunogold electron microscopy observations
ith the PCV TGBp1 argue strongly for specific targeting
f significant amounts of this protein to plasmodesmata,
finding that is consistent with our finding of TGBp1 in
he CW in the subcellular fractionation experiments. Ev-
dently, such a localization represents circumstantial ev-
dence for a proximal role for TGBp1 in trans-plasmo-
esmal trafficking of the viral RNA, at least for viruses
ith class 1 TGBs. It is perhaps noteworthy that among
he immunogold-decorated plasmodesmata observed in
ongitudinal section, most displayed TGBp1-specific la-
eling near the collar region rather than on the central
hannel (see Fig. 5). This is in contrast to the situation
ith TMV, where P30-specific gold decoration was as-
ociated with the entire plasmodesmal structure in in-
ected plants (Tomenius et al., 1987). Although it should
e kept in mind that the immunogold labeling experi-
ents present a static image of what is no doubt a
ynamic process, it is nevertheless possible that the
pparent difference in their plasmodesmal localization
eflects distinct modes of action of the two types of MP.
We have also shown here that the PCV TGBp1 fails to
ake up a plasmodesmal location when it is expressed
onstitutively in transgenic N. benthamiana but that it is
argeted to plasmodesmata by infection of such plants
ith PCV RNA transcripts in which the copy of the TGB1
ene on the RNA 2 transcript has been disabled. Possi-
ly, other proteins produced during the viral infection
e.g., TGBp2 and/or TGBp3) are necessary to target
nd/or anchor TGBp1 to the plasmodesmata. Further
xperiments will be aimed at testing this hypothesis.
Finally, it is interesting to compare the available infor-
ation concerning the subcellular localization of TGBp1
f the class 1 and class 2 TGBs. As noted above, the
arge amounts of potexvirus TGBp1 produced during an
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227SUBCELLULAR LOCALIZATION OF PCV TGBp1nfection are principally located in inclusion bodies, and
he protein has not been detected in association with the
lasmodesmata during infection. It is difficult, however,
o rule out the possibility that small amounts of potexvi-
us TGBp1 might operate (perhaps transiently) at the
lasmodesmata, particularly because the TGBp1s of PVX
nd white clover mosaic virus are known to augment the
lasmodesmal SEL (Angell et al., 1996; Lough et al.,
998). Thus the group 1 and 2 TGBp1s might both func-
ion at the plasmodesmata, but in the latter case, the
oncentration is too low there to allow detection of the
rotein by immunogold cytochemistry. In this scenario,
he potexvirus TGBp1 inclusion bodies could be a “dead
nd” aggregate, or the protein there could have other
unctions. It is equally possible, however, that the appar-
nt difference in localization of the group 1 and 2 TGBp1s
eflects fundamental differences in their mode of action,
elated to the different entity that is transported during
ell-to-cell movement in each case. Evidently, much ad-
itional work with both types of TGB is before a detailed
icture of TGB-mediated cell-to-cell movement emerges.
MATERIALS AND METHODS
xpression of TGBp1 in bacteria
The DNA sequence of the PCV TGBp1 open reading
rame (ORF 3; see Fig. 1) was amplified by the polymer-
se chain reaction (PCR) using pPC2 (Herzog et al., 1998)
NA as template. The plus-sense primer PCV2 (AGCT-
CCATGGAGTGGAGAAGGGCG; nonviral NcoI site in
talics), was identical to nucleotides 2690–2707 (under-
ined) of PCV RNA 2. The minus-sense primer PCV35
AGCGGATCCTTAGTGATGGTGATGGTGATGTTCGGCC-
CGTCGGGACG; nonviral BamHI site in italics and the
omplement of a sequence encoding a His6 tag in bold)
as complementary to nucleotides 4010–4027 (under-
ined). The PCR product was cut with NcoI and BamHI
nd inserted into NcoI–BamHI-cleaved pET3d (Novagen)
o produce the expression vector pPET-P51-His6. The
lasmid was used to overexpress PCV TGBp1-His6 in E.
oli BL21(DE3)pLysS, and the protein was purified from
he bacterial extract by preparative SDS–PAGE essen-
ially as described (Bleykasten et al., 1996).
reparation of TGBp1-specific antiserum
Another aliquot of the NcoI–BamHI-cleaved PCR frag-
ent was rendered blunt-ended by filling in pro-
uding extremities with Klenow fragment of DNA poly-
erase I and inserted into HindIII-cleaved blunt-ended
EA305DHindIII (Niesbach-Klo¨sgen et al., 1990). A clone
ontaining a plasmid with the insert in the appropriate
rientation (pEA305CI-TGBp1-His6) was identified by re-
triction enzyme analysis. pEA305CI-TGBp1-His6 was
ransfected into E. coli W3110 (Brent and Ptashne, 1981),
nd expression of the CI-TGBp1-His6 fusion protein was Tnduced with 1 mM isopropyl-b-D-thiogalactoside 3 h
efore harvest of the bacteria. The fusion protein was
urifed from the bacteria as described by Niesbach-
lo¨sgen et al. (1990). The purified protein (50 mg) was
mulsified with an equal volume of complete Freund’s
djuvant and injected subcutaneously into a rabbit.
hree booster injections of 25 mg of protein were given
t 3-week intervals, and serum was collected 10 days
fter each booster injection. The TGBp1 antiserum was
urther purified by affinity chromatography (Ritzenthaler
t al., 1995) on a CNBr-activated Sepharose 4B column to
hich TGBp1-His6 had been coupled according to the
upplier’s instructions (Pharmacia Biotech).
noculation of plants
Nontransgenic N. benthamiana and transgenic N.
enthamiana line 6 (R5), expressing PCV TGBp1 (Erhardt
t al., 1999), were grown from seed in the glasshouse at
1°C with supplemental lighting and a 16/8-h (light/dark)
hotoperiod. Approximately 6-week-old plants were
sed in all experiments. Nontransgenic plants were in-
ected by mechanical inoculation of the two young leaves
ith 30 ml per leaf of a solution of PCV RNA at a con-
entration of 1 mg/ml in 40 mM potassium phosphate, pH
.4, 1 mM DTT, 130 U/ml RNasin, 250 mg/ml total yeast
NA, and 0.05% Macaloid (I Buffer). Transgenic plants
ere similarly inoculated with I Buffer containing 3 mg of
ild-type RNA 1 transcript (TPC1; Herzog et al., 1998) and
mg of RNA 2D51 transcript. RNA 2D51 (Fig. 1) is a
utant containing a 239 nucleotide deletion (3127–3635)
n TGB1 (Erhardt et al., 1999).
ubcellular fractionation and protein analysis
Subcellular fractionation of leaf tissue from PCV-in-
ected nontransformed plants or transgenic plants was
s described (Niesbach-Klo¨sgen et al., 1990) except that
he S30 fraction was submitted to an additional step of
ltracentrifugation at 100,000 g for 3 h to produce P100
nd S100 fractions. Samples corresponding to 10 mg
resh weight of starting tissue from each subcellular
raction were separated by SDS–PAGE (Laemmli, 1972)
nd electrotransfered to polyvinyldifluoride (Immobilon)
embranes (Millipore). The protein blot was allowed to
eact overnight at 4°C with purified anti-TGBp1 antibody
iluted 1:50,000 in AS Buffer (13 PBS, 1% Tween 20, and
% nonfat powdered milk). After washing twice with AS
uffer, the membrane was incubated for 2 h at room
emperature with AS Buffer containing a 1:2000 dilution
f goat anti-rabbit IgG coupled to peroxidase (Pierce).
he membrane was then incubated with SuperSignal
ubstrate for 5 min as described by the supplier (Pierce)
nd exposed to film. To provide an antibody specificity
ontrol, the anti-TGBp1 antibodies (1:5000 dilution in PBS
lus 0.05% Tween 20) were first incubated with purified
GBp1-His6 (10 mg/ml) for 30 min before centrifugation at
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228 ERHARDT ET AL.6,000 g for 10 min. The “cross-adsorbed” antibodies
ere then used in Western blots as described above.
lectron microscopy
Two leaves of 6-week-old N. benthamiana were inoc-
lated with PCV RNAs 1 and 2 at two small points, one
n each side of the midrib in the basipetal part of the
eaf. For the point inoculations, a small drop containing
he inoculum plus celite was deposited on the leaf,
ollowed by gentle localized abrasion with a small glass
od. The location of the inoculation point was identified
ith four circumscribed ink spots. For electron micros-
opy, tissue samples including the inoculation point
ere collected 3 days later, and samples from systemi-
ally infected apical leaves were taken after 8 days.
ontrol samples were taken from equivalent leaves of
oninfected plants. The tissue was fixed by treatment
ith 5% glutaraldehyde in 150 mM sodium phosphate,
H 7.2, for 3 h at 4°C. After three washes with the sodium
hosphate buffer, the tissue was postfixed with 0.1%
smium tetroxide for 1 h at 4°C. The sample was next
ashed twice with water and dehydrated by treatment
ith a graded series of ethanol baths (50%, 75%, 95%,
nd 100%), followed by three 20-min baths of 100% pro-
ylene oxide. Finally, the tissue was infiltrated with a
olution of Epon resin (Roth), and the resin was allowed
o polymerized at 60°C for 60 h. Ultrathin sections (90
m) were cut with an Ultracut E microtome (Reichert) and
ounted on Formvar-coated grids.
For immunogold labeling, the sections immobilized on
he grids were treated first with 1% BSA in PT solution
0.05% Tween 20 in 150 mM sodium phosphate, pH 7.4),
ollowed by treatment for 4 h at 4°C with anti-TGBp1
ntibodies (1:5000 dilution) in PT solution. For specificity
ontrols, the anti-TGBp1 antibodies were cross-ad-
orbed with purified TGBp1-His6 before use as de-
cribed above. After treatment with the primary antibod-
es, the grids were washed four times for 10 min with PT
olution and then for 2 h at room temperature with goat
nti-rabbit secondary antibody conjugated with 25-nm
olloidal gold beads (a gift of J. C. Garaud). Finally, the
rids were thoroughly washed with PT solution and wa-
er and stained with 5% uranyl acetate in water. Obser-
ations were made with a Hitachi H600 transmission
lectron microscope at 75 kV and a nominal magnifica-
ion of 15,0003.
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